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RECOMMENDATTONS .
A. Prompt formation of a coordinating council (See PP- 2&-25) and
. . adv1sory panels in the' followlng dlsclpllnes. s .:?.;hj.'{,w.;ﬁ~f.
g inah e et uﬁf}:ﬁhlnventlve»memory technology (5—8‘memberS)wt'lhsgiﬁairﬂﬁuhﬁbmeés;&uﬁr:
o A Sk e L A A :
ta[Lrer;,gv,»,.nuwaZ.-_Archltecture, software, and theory (5—6 members) f¥4f557*x5*?=:#'"
' 'h 35"1E1ectromagnet1c propertles ‘of neW‘materlals (h-S members)} o -
¥ >t1f;f£if?%;ifﬁjffNemro—anatomy, hlology, psycholoé& (h members) TR
L S N A o g
These advisory panels would provide assistance in:
1. refereeing numerous proposals for smell.érants
j ) . 2. sﬁonsoring conferences, the first of which might he a week-long
event as early as September 1975
3. initiating special monographs
‘B.  Consider major grants to establish (See pp. 26-27)
1, en interdisciplinary institute eneompessing all of the areas we
suggest emphasizing in this program
_ thf ‘a laboratory to develop a partlcular memory technology
1 *73? ‘ah 1nst1tute to study novel machlne archltecture and use.’ B
P
N
N
~ I
4 . . !
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3

The computer 1ndustry has remalned notably strong desplte the current

: problems which plague the world It 1s ‘one industry'where'U S. eprrts"’"'

'~~L‘ava11ab111ty of jobs still exceeds the avallabllity of hlghly skalled

'“73ifspec1allsts. It 1s an. area dn wh1ch the graduate students 1nvolved 1n any =

< LT S R N L RREYCS “ Ll T

“:%Luniver51ty4based long-range research programs w1ll be able to contribute e

to the national economic needs in the near future...
Meny agencies of the federal government, including the Bureau of the
Census, the Office of Management and Budget, and the Department of Health,

Educaetion, and Welfare will rely'heavily on computers for the foreseeable

" future. The Department of Defense requires computers for applications

ranging from parts inventory to strategic weapons control. The National

Security Agency, the nuclear energy research efforts at Livermore and Los

CRg e \ : ‘-\~'-?‘ :

'”'renamed organlzatlonal descendants w111 all make: heavy demands on the most

advanced computer systems available in the year 2000.

&For?all these reasons, the.federal government has an interest in
ensurlng adequate long—range research programs in computer science and
technology. We were dellghted to accept the 1nv1tatlon, whlch we recelved

from Malcolm Currie at our initial meeting at ARPA headquarters on October

21, to outline the framework of a new program for the Advanced Research

Projects Agency in the area of Advanced Computer Memory Concepts. Since
A ] . '

then, we have met formally on three subsequent occasions for a total of
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1mmed1acy of their applicability, these are: l)' 1nnovat1ve technolog3,

L~y

four days. We have heard presentations from the eleven knowledgeable

speakers listed in Appendix A. We have also discussed this matter with
- numerous additional - -sources in goﬁernment,‘in industry, and in the unive}-'

.sitiestp;‘i

" One.. danger of a.government-sponsored research program in the computgy

L///area 1s that 1t may become 50" low-risk, so short-term, or so orlented towgye'fll

o e '. R ".' Lt el e, - T (A

'C.the development of some- particular dev1ce that - 1t might duplicate commerc‘

- "N

-j',‘ ¥ ‘ . FORT LS A T * ,_'_.,.,'-: Aol Pt iy u..

f;financed research and development act1v1t1es already underway in 1ndustry.
,After surveying,the.industrial efforts now wnderwasy, we have formulated

preliminary plans for a long-range basic researchiprogram which will yielé¢

significant long-term benefits to DoD and the nation. These plans strece <

longer range requirements for innovative technology that ere least likely «

be mediated by already obvious lines of development.

Following & brief overview of short-term industrial trends, this repc—

highlights four 1mportant research aress whlch should be prominently inelize

2) architecture, software and tneory; 3) materials sciences, including
solid.sta#e properties of orgenics, and 4) neuro-sciences. The final
section of this report contains recommendations on how the Advanced MemoT
Concepts program should be managed:

A list of the technologies which will dominate computer systems for
the next several years is shown in Figure 1. Because the faster memory
techzflogies cost substantially more per bit of information stored thpn >

slower ones, memories are typically organized into a hierarchy of the &'

s o coROR BRI AISECMrrsssomsorsones

PR LA

. e e .l - . SN
O R R SRR S R0

: :in the ARPA program in Advanced Memory Concepts. Listed 1n the order o‘-;n-"¢'~
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’ .
shown in Figure 2. The so-called "primary" or "main" memory .is now usually

. constructed out.of cores or large-scale integrated metal oxide semiconductros
(LSI MOS). This is often backed up by~ a larger, slower, "séCOndary"'discz"
‘memory, which isvsubstantially»lesslexpensiye‘per~biti The secondary memory;
:gsfzn turn, is. backed up by a much larger and slower tertiary memory which e
.7;often cons1sts of magnetic tapes.‘ In the other direction many.comnuters also'.

i

Ahave an additional level of "cache" memory which 1s smaller and faster than :ld S

. ot
A e G e ET

the primary memory ‘ Present day cache memories are constructed of bipolar

integrated.circuits. . A typlcal l97h-1nstallation might have a cache of -
about 103 words; & main memory of about l06 words; and'on-line,disc capacity
of about lO8 words, where each word has between 36 and 64 bits.

The large volume of production of semiconductors and magnetic recording
-deV1ces now prov1des a 51gn1f1cant level of funding for continued research
in these ' two main branches of established computer technology. These
technologies will continue to evolve and improve, and they will continue to
_dominate the cache, primary and secondary levels for the short-term future.. .

fﬁThe follow1ng technologies are now at a suff1c1ently advanced ‘stage of

research to enable us to foresee.the possibility of a significant market

- -impact in the not too distant future:

Semiconductor integrated circuits will dominate the fast end of the

"memory hierarchy for the foreseeable future. Semiconductors now play a
fundamental role in all of electronics. For many years, nearly all computer
processors and buffer registers have been constructed from semiconductors,

end in recent years semiconductors have been taking an 1ncrea31ng share of
a

the main memory market away from magnetic cores. Many interesting variations
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’ . .
of the semiconductor technology, including charge-coupled devices (ceps),

~are.'already here, and other technological variations including epitaiial

growth on sapphlre, s111con ribbon growth, ion 1mplantation and electron-

L beam formed patterns are being v1gorously developed Costs will continue'to

: i;decrease and performance will continue to 1ncrease.”’Tf”‘:*fﬂ;"'”_f““7ﬁhf-.?j"”"

: el .

Magnetlc recording now dominates mass storage (the secondary and tertiary

‘sz“levels of the hlerarchy) It provldes a. form of 1nformetion storage which

can be"permanently maintained with no power requirement.. In the last th.ee
'decades magnetic recording perfonmance has 1mproved by many orders of magni-
tude, thanks to great strides in the des1gn of heads and bearings and to
improved recording materials. Magnetic recording technology can rlghtly
clalm»to be the technological ba51s of the computer age. It was already
supreme before the advent of the trans1stor, and et most 1nstallatlons it
st111 commands the lion's share of both the floor space and the hardware
investment dollars. Despite 1ts success and dominance magnetlc recording

: technology prov1des relatlvely bulky and expens1ve dev1ces requirlng.con—“f:{v'
':u51derable human attention.. Furthermore, 1ts reliance on mechanical motlon
has inherent limitations. It is.far more efficient in accessing blocks of
data than randomly located bits. While manageable trade—offs between.
,economy;and latency are possible with high bit rate transfers and ouasi-
random accessibility in discs, the'architectural'and operating.situations'

for very large memories remain far from ideal.

Magnetic bubbles may soon move into the gap in the hierarchy between
semicénductors and discs, possibly even replacing one or the other at some

installations. Large efforts at BTL and.IBM have obtained high bit densities,
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‘ hon-volatility, and some degree of bubble-to-bubble 1ogic. There are hopes
 that a manufacturing process requiring only one micro-miniature mask may

avoid the mask-alignment problems which will arise in the manufacture of

DT T N e - T e~

semlconductor 1ntegrated c1rcu1ts. o

Josephson junctlon dev1ces may flnd some appllcatlons at the ;y fast

Sty

uend of the hlerarchy.. These superconductlng dev1ces may be used for i
~"f_iprocessors, cache memories, and even main memorles. Desplte the complicatioc R

Cie s,

<
*

A s e b a (VS 3 s 2 o e 2w
RN . . .

Jof needlng a cryostat the very‘fast.sw1tch;ng tlmes of these dev1ces (tens
of plcoseconds,Aasfopposed-to nanoseconds for bipolar transistors commer-
ciallr_availahle today) make these devices potehtially attractive. The
fabrication processes are simiiar to those of bipolar transistors. The
wniformity of the oxide layer is more crucial, but 1ngen10us ways to insure

S it automatically have already beén developed. Further efforts to develop
this technology are underway at IBM, and a small, very fast prototype

)
computer based on this technology may become operational within a few years.f

Xiggg_ggggg_w1ll prov1de very 1nexpen51ve mass-produced read-only,mass

-memory w1th1n a few years. These rotatlng dev1ces, now belng v1gorously.'
developed by RCA, Zenith, Philips, and others, will provide recorded tele-

- vision on easily replicable discs, at a mass-production factory cost of i
about 20¢/disc. The pressed disc has a spiral groove at the bottom of whick
are submlcron s1zed depressions. 'These depressions arefreadgout,either
through a capacity pick-up in a needle-in-the groove (RCA), or through a
light beam'(Philips,‘Zenith, and CSF in france). There is an equivalent

lOlo bits per disc. " Access is serial but some pseudo-random access by
4 .

groove selection is also possible.
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It is _ngt yet clear what utility these prbducts may have for_' the

. computer field.
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1. Innovative technologies for Computer Memories.

S

+

Despite the differences emphasized by their enthus1asts, all of the

e T e A B A i bR~ ok D, M

'1 technologles above magnetlc cores in Table l have & great deal in common. f:, .L

=

All are planar._ All are hased on mlcro-mlnlaturlzatlon. These technologles
A.wW111 contlnue to evolve and 1mprove, and they w1ll contlnue to domlnate the

“‘faster levels of the memory hlerarchy for the - foreseeable future..“

e Sy P P
. . C g - e e .-x,'w., ety TN e 1 . rsElen "4~.~'."'v. R N N
SN e et e . IREIRSITINEN ol A R UL L R T PR T SR .

Ehe large volume of productlon of magnetlc recordlng dev1ces also
provides a significant level of funding for continued research in the

evolutionary development of this technology. This technology will also

[ e Ty e P Ty —————T
P

continue to evolve and improve, although not as rapidly as semiconductors;

; " We believe that innovative technologies have better prospecté of
- . . ,“v—‘\ ) . . _

s

[ rompeting with conventional mass’memory devices than with conventicnal
P ———— ~ e e

. . fast memory devices. At the very large end of the memory spectrum, several

devices based on technologies other than magnetic recording are already
'°Peratlonal The llst of such dev1ces 1nc1udes the IBM photostore at :,4,~‘
Lo .:e L1vermore and. Prec151on Instruments Unlcon 609 ~~ﬂV--nPr3-5~f=ﬁ"P el i
As we recommend in the next section, the systems aspects of non;
erasable (i.e. write-once-only) memories merit further study. It is not
~yet clear how fast the value of such a memory declines with increasing
.'ndnlmum delay between the writing and the first reading, nor how en overall

system might be configured to make best use of a very large, very cheap,

fast nonerasable memory. But we foresee the possibility that many future

tertgary memories might be nonerasable. Even today, magnetic tapes are

1 . de facto used this way; writing the entire reel is a much more common opera-

. Approved For Re|e{£f§055r r"ll...CIB—PBPQ(NADY133A000300106006 9
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’ thiﬁﬁslab; would resﬁlt"io a considerable QAiH'iﬁ the'effeotlﬁe.peoking
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tion than scanning through it and overwriting selected parts. The overall

_ system economics do not appear to be significantly affected by the fact that

it is possible to rewrite an entire reel rather than throw it away and buy

New dev1ces and technlques w1ll depend on new materlals and new ways

v - OF, 1nteract1ng wlth or modlfylng~exlst1ng medlums. Fbr example v181b1e i?}f:tv

' 11ght can be focused ea51ly to'd spot 51ze of about lu in dlameter.“B&”;“ R

u51ngfultrav1olet llght and sophlstlcated optlcs one can obtaln spot sizes

that sme 3 or 4 times smeller. Furthermore, photographic emulsions exist

which: have & small enough grain size so thet'pictures with Better than 1y

resolution can be recorded. Thus, in principle, there are both materials

and physical devices for reading and.writing deta with light with spplanar

A packing density of about 1012 bits/m?. However, photographic film requires

a relatively slow and complicated developing process and other methods of

modlfylng materlal wlth llght are elther slower, more complex, or have a

ulower resolutlon and therefore a lower planar packlng den51ty. _f

Furthermore the depth of focus for light spots can easily be less than
5u. Therefore, devices which operate in three dimensions, even for a very

X

density. New devices will be required to move focused light spots in three

.dimehsions,.especially since this must be done rapidly and over & large ares.

But even more important is the fact that new materials will be needed to

record the information contained in thisAmoving light spot. This is parti-

Acﬁla§ly true if any use is to be made of the three-dimepsional possibilities

of such a system. Clearly, one way of ipcreasing the signal to noise ratio in
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such an optical memory is by spreading the information for each bit using

: hol‘ographic recording. Although various aspects of this approach are

currently being pursued many 1nnovations both 1n dev1ces and materials. ,

E are still needed befoie thls type of technology 1s ready for & maJor devel-_.”.'

e

':.;opmental effort. ?uif:'

Even more spectacular packing denSities could 1n principle be used 1f

ﬁthe‘resolution.currently available in commerc1al electron-optics 1nstruments'
could be employed in a memory system. Scanning transmission electron micro-
scopes;are now functioning in research laboratories with a resolution and
‘spot size of a Tew angstrom units. If.there:were any way'of making.use of

this high resolution, it would be possible to record 2 bit -of information

in a square 100 angstroms or so on a. 51de. Even considering the need for

-
X

j Paging marks and other alignment indicators,.one could easily imagine
memories uith a packing density of the order of lOl5 bits/mz. ‘The basic
.problem 1s that there are currently ‘o materials which can be modlfied in:
7a detectable way 1f an electron beam strikes them with. these vexy small ,I
spots. However, there are several p0551b111t1es using molecular crystals
and various organic materials which could be explored. [cff. Appendix B.]
here.also;.neu.deyices; as uell as neu materials, would be needed in.orde;
to develop a useful system in which an electron beam can be focused and
‘deflected at high speeds and which could be coupled with a less'prec1se
system for mechanically moving a target platter so that a sufficiently
large region could‘be accessed by the beam. ';

#We mentioned the particular examples of light and electron beam-acces-

sed memories only as examples of possible new developments which could lead

'Approved For anﬁeé?ﬁ?%‘%z mRﬁm 01 1ddeQ0030010060o-9
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To guide & new invention all the way to production may require severg)
.shifts of role and emphasis in the effort.needed from any particular deVelo;.

ment grotp The management of such an effort requlres broad technlcal e e

sophlstlcatlon and the flex1b111ty to move qulckly. Thls is prec1sely the

LS STy e . e e -
> B ~.,-..

) forte of some major 1ndustr1al laboratorles,_and we do not thlnk that AREA

.-m;,can or should sponsor competltlve prqgrams lead;ng toward the development | e

- of Y productlon-llne for some type of memory dev1ce.' ARPA should support
the initial stages of the inventive process, but 1t must be very wary of

_ the dangers of premature development efforts. Such efforts not only consime

f%%;vast sums of moﬁey; fhey may actually retard proéress by distracting talente:

people from the more fﬁndamental research problems.
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2. Architecture, Software, and Theory.

1

Memory organlzatlon has had an 1nterest1ng hlstory. The conceptual

. .o ‘¢ . T
e s, e .' LSRR N

.machlnes studled by Turlng and others in the 1930's used tapes w1th no

- pstery Vo e s T
; . .

P

‘}.address1ng facllltles other than the ablllty to step forward and backward;.

" ';; _~,When von Neumann started wrltlng machme—la.nguage programs for hls paper

.‘:i:machlnes; he 1n1t1ally assumed a sequentlally accessed (delay-llne) memory hl~"'
hardware . He assumed that memory addre551ng problems would be handled by
special-subroutines that would idly count time until the proper data arrived
on the delsy lines. Rajchman persuaded him that random access addressing
could be handled more readily in the hardware than in the software, and
the Qrt:of programming for machines as if they‘had random;access memories

; began: to derelop rapidly eren in the days when.most of the machines had

- drumﬁmemories. Since thea s the rise and reign of magnetic core technology

has obv1ated software efforts out51de the random—access malnstream Wlth -

';mnch of the address1ng problems solved by the core w1r1ng, the economic_ﬂ-;

*advantages of delay-llne ‘memories dlsappeared. W1th memory ‘cores wired =

so as to be unable to perform anitional logic, -the distinction between

PR A M. Ca e TRT g m tee E e gt e e T el

" " memory end processing was clear.

Most thinking about computer software and applications today is pre-

.occupied with the conventional random access memories to which programmers
have become accustomed. Clever prograrming tricks, such as inverted ~.
indexing, including hash coding, help surmount the problems of searching

Afor ;he contents of these conventional memories. These programming techni-

. ~ ques, which have evolved gradually over a period of many jears, are now
1 . - .
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part of our cultural heritage. Hardware archltects evaluate new machines

in terms of the speed with which the new machine runs a stereotyped set of

'test programs. Only rarely are the test programs readjusted to take greater_

R

&0 .
.

, >

'”“advantage of the new machlnes, and only rarely are the new machlnes evaluated

R . . e w s e R N
'“f“by thelr capablllty'of attacklng new problems.." . :

- '.‘r

e Whlle thls conventlonal modus operandl leads to contlnulng evolutlonary ..

*f"flmprovement 1n the computlng art 1t 1s unllkely to‘yleld any radlcal

T LR S
Sl e e gl
A " i,

organlzatlonal changes.‘ Researchers who have access only to conventlonal
hardware are not likely to pursue truly radical idess. Industry will not
put -much effort “into’ developlng software for peculiar machines that do not

exist, nor is 1t 11kely to put effort into building them if the programmlng

techniques to capitalize on their advanteges are not yet known.

With the‘approaching demise?of magnetic cores, the technological rea-
sons for conventional memory organization are no 1onger so convincing. In
many current machines the memory, as well as the proce551ng, is done with
~"‘_sem:L-conc‘iuctors. Hence 1t is no- 1onger poss1ble to 1ncorporate much of the .
'addres51ng functlon 1nto the core w1r1ng;' Between 307 and 507 of the actlve
area on current memory chlpsfls used for addressing rather than memory in
'“.the“strict-sense.A.Micro—computersfand'mini-computers‘n0w=have processors T T
in precisely the same MOS technology as the memory, and there is nothing to
%ﬁé prevent memory and processing from belng 1mp1emented on the same chlp.

/ Schemes for organizing and u51ng fast memories are now 11m1ted bv our lack

of imagination and insight more then bv the semiconductor technology, which

is extremely versatile.
¢ . ' -
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A million word semiconductor memory is a single circuit, consisting

RS ST IS NI ST U. L S iy B T B U L T Y LY N a e 3 AR -

T e 4 it

i ) of several million gates and flip-flops having the property that, at most,

one malllonth of 1ts fllp—flops can change at any glven clock tlme. Thls_”

g e T i S Fo.
' seemlngly 1neff1c1ent use of loglc ylelds a very large ratlo of stored—blts .7‘

to plns on the chlp, a ratlo that has a great 1nfluence on the cost of a.

:conventlonally-organlzed memory For the same number of components 1n the"
:Lnejigsame aree one could accompllsh thousands or: even a mllllon tlmes aS‘much """ ARG
s1gnal proce551ng, w1th only a moderate increase in the ratio of pins to

cells, If these components were orgenized in a sufficiently regular manner

Wy e

:7%:for applications reqniring sufficient masses of computation, it might be

roCpe T

possible to achieve this big jump in computing capebility with little or
§ no increese in febrication cost.
i A number of ideas on how to achieve some of this potential improvement

have already been proposed. All involve some form of perallelism. In its

most extreme form, this mlght 1nvolve some 11m1ted proce551ng at every

J."‘."

""lccatlon 1n the memory, as 1n ‘&n’ assoc1at1ve memory. Both human memorles ""7 )

R &

and those of anlmals do s1multaneous assoc1at1ve searchlng to retrieve
_ partially-specified information. The’single-minded location—omiented memory -

TET of today s computer is 1ncapab1e of ach1ev1ng such performance, and thls 1s .

7(/a major bottleneck in large database appllcatlons But today we are so
accustomed to conventional memories that we can't really imagine.how .

associative memories should best be exploited It will be wise to have s
: I

reasonably large number of people thlnklng serlously about how to exploit

f,
large assoc1at1ve memories 1f they were 1nexpen51ve and readily avallable.

Experience with nature suggests that such memories are not infeasible and
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along together under the command of & common control sergeant More,

H“Lt*and the potential advantages of 1ntelligently-organized parallelism are so

—
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include the Illiac IV and the CDC Star, in vwhich tens of processors march

' flexible schemes 1nvolv1ng thousands of processors w1th 1ndependent programs )

. DL I R
R L S -~

".T'have been con51dered but the difficulties of resolv1ng potential conflicts

"M*fiand 1ock1ng problems have frightened all but the most ardent enthus1asts._:;'.'::?

PR

‘ But there is no a priori reason for such problems to be 1nsurmountable, 5

. ‘4---. ce% A e
. ~

great that further studies are urgently needed.

The programmer's conceptual notion of a single processor is already
out'bf‘touch with'the details of'reality of most current machines, in which
various system functions are parcelled out to peripherals and minicomputers
of various kinds. Some specialiaed'"blister" tnits with specialized pro-
cessing skills have already appeéred.i As more and more standard arithmetic
subroutines become implemented in special purpose hardware rather than

software, future computers may look mere like a tightly linked organization

.*5of ‘minis than 11ke the monolithic structure shown in Figure 2 The total

~ R S e :'. R T

amount of memory dedicated to the various subunits of this organization |

might conceivablyAbeAmuch greater than that aggregated in any single

# "primary" -organizational wnit.” “If there is still any sirgle chief executive ™™

unit in. such a machine, it will probably spend_most of its time issuing
high—level commands (e.g., inuert this matrix; solve this partial differen-
tial equation; find all references to these kinds of accounts;...) rather

than the current lowelevel‘commands (e.g;, find the quotient of these two
numbers; store this number at that location; compare this number with that;...).

4 .
Like the human executive, it will probably issue many additional orders to
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that many present limitations of computers could be trenscended. One of

the goals w:Lll be to develop new appllcatlons.

'

Much can be learned by dev131ng paper machlnes w1th very large memorles,“”_H

'and programmlng them by 51mulat10n on exlstlng machlnes. Such studles need

’4'°to be undertaken before the memorles are actually bullt, slnce SO many de51gn ;

':dec151ons need to be made regardlng the operatlon of the machlne, merely RS

S mealn '.-x' R I R BRI

'“"f:"saylng assoc1at1ve memory by no means unlquely speclfles the concepty

:“~that large ‘memories: should.have. Important new algorlthms will probably

and 1nd°ed the large llterature on this subJect (approx1mately 1000 cita-

tions in Computing Reviews, October 1971, and a more recent review in

Computer Journal, November 19T4) suggests that the term "associative

memory" already conveys an improperly fixed connotation to too many people.
There are many concelvable ways to organlze 8 dlstrlbuted-control memory,
for example we mlght look for the data that most clearly matches a
spec1f1ed pattern, or we might have a drastlcally different sort of memory

in which the data forms itself into clusters of related 1tems and the program

‘“$*E'exam1nes these clusters and specifles ‘New rules of comblnlng them. Program- 1jﬁ'“&

e ] G sl v T

thung experlence with paper machlnes w111 prov1de 1mportant feedback to the
design of_"mega-parallel memories",“and_will suggest new.characteristicsc
be discovered.

"As a less'extreme version of parallelism, one might partition'thep
memory ?nto & number of'submemories and assign a separate processor to each.
ﬁudimentary versions‘of this scheme include not only semiconductor memories,.
but disc controllers  having limited processing cegpabilities dedicated to

4
each head. Slightly more powerful parallel machines now in existence

Approved For aeFeﬂe ﬂppmﬁﬁsgzml?m 133A_poo3o'o_1oooos-9
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many other units and make meny other decisions before readiné any progress

" reports about the execution of the first command.
2o+ on While.studying how.to utilizesnonconventionally~organized.memories;'-~;T:='w'
‘.':qpprOPrlate symbollc languages to speczfy the algorlthms w1ll'be 1nvented

»These may well have a payoff 1n other sc1ent1f1c fields too, 51nce 1t w111

.~..'

::Alead to vays of spec1fy1ng and analy21ng parallel processes for whlch

R

mnelther mathematlcal models ‘nor conventlonal computer models are approprlate.'ai

Besides studies of associative memories and other forms of parallelism,

there is a:continuing need for analysis of more conventlonal memory struc-

~ tures. Some poss1b111t1es for important studies of this klnd are:

'li; Anelysis of the performance of typical classes of computer programs

when  running on machines with hierarchical memories of given types

and speeds.
2. A customer'study of ﬁresently understood needs for large memories.

. 3. Development of new appllcatlons for large memorles.,_wtgzﬁdﬂ .

-.,-.

.k, _Study of how to ause - &, large nonerasable memory.r

Several theoretical studies have already identified problems for which

"V§aralleliém”is inherently“lfmited,’whilélin"bther*oésés parallelism is "=

known to be highly advantageous. It can be expected that important results

will be learned by further studles of this klnd as computatlonal complex1ty

is analyzed under new ground rules correspondlng to nev memory organlzat1on
techniques. Proposals for such continued studies should be solicited since
they can be expected to provide considerable insight into finding the best

¢
mixture of different kinds of computer memories.
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To conclude this section, we ageain emphasize that ARPA should also

- be receptive to truly imeginative unsolicited proposals for theoretical

e a e Wl b S AL IEL 8 et B e ST o K i b’ i
e

I =

mlght propose a truly novel way to design relzable memorles contalnlng

-; \.’.- ""'A--‘, , _,_., _._n

AL et e, et R 1w et e e el
unrellable elements., We have dellberately av01ded giv1ng thls topic: greater

empha51s because there 1s already a flfteen-year gap"between the theory of.
- correcting quite high error rstes at the system level are already kmown,
but 1ittle used! This &rca now needs education and advertising more than
additional research.. On the other hand, methods of designlng and manu-~ |
facturing large semiconductor chlps (perhaps 3" square or even larger) which
functlon perfectly despite numerous rendom local defects mlght prove to be
of great 1nterest and commerc1a1,value.

As another example, someone might propose studies of fundamental

»-'\.,A . s ,..,

' tlonal complex1ty are more concerned w1th proces51ng than W1th memory, but

theee toplcs are a very 1mportant branch of current computer science and
some good small proposals in this area might be considered within this
progranp . Expositions of specific technologies which spell out their
eyemtual practical lrmits and.the'obstacles tolreaching them should also

be encouraged. But the only physical limits . on memory’known to us which .

are fundamental in a truly technology independent way (e.g., those based

on Heisenberg's uncertainty principle) are so far beyond our wildest

currgnt dreams that we think it premature for ARPA to solicit proposdls to

study "fundamental" physical limits of memory.

i
g
H
i
;

!
i

!
.3,
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. studles 1n other areas not among those llsted above._ For example, someone e

-Fﬂf" error—correctzng codes and current practlce. Cheap;andAeffectlvetways'ofzf”"“
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1imits. Fundamental llmlts of algorlthms and related questlons of computa- RS
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3 and 4. Basic Sciences.

ey
P
Ll

e e The dlscovery of .8 new. phy51cal phenomenon, such .88 the tran51stor ;iaj-z

-in l9h8 or the Josephson effect in 1962, often prov1des the 1n1t1a1 1mpetus
“5ﬂffbr a major new thrust 1n research and development It 1s ev1dent that any
' "truly long—range program must not only seek 1nvent1ve and novel ways of

e e i ey . . P AL S ECINE "-'.‘ (Y . e - -3'

. utlllzlng known propertles of materlals, 1t must give- ever more encourage- :

e s e e, m e g 3 e sy it o
h d E Y = 8 .
T e el N .
. - "

mentfto;the discovery of add1t10nal phenomena, and to the recognition of
their potentlal applications to computer technology.
Among the many sciences which mlght concelvably contrlbute to memory

technology, those whlch have the most ev1dent prospects of y1eld1ng economic

returns within the next decade are already well-flnanced. The prospects

b d
.

of ever getting economically valusble insights about memory from the remain-
ing sciehces-are somewhat speculative, byt we have identified.two in which

. we belleve the very long-term prospects to be suff1c1ent to warrant ARPA L

L e
g LIRS - r -

e ¢ e a i as a -

i_isupport These are as_ follows .,i:,;;;iﬁogfi;':u;.gﬂxéhfﬁlﬂqulQldalnj{af:13;;-=

Solid-state phvsics of new materials, including organics.

Whlle organlc chemlsts have long been able toAsynthe51ze many new
: compounds, it is only recently that the electrlcal and magnetlc propertles
of organic compounds have attracted much 1nterest. Several organic crystals «
are now known which have large variations in conductivity associated with
: phase transitions occurring at temperatures much higher than any known

‘super-conducting metal, and this area appears intellectually ripe for

N - 7further research. VWhile we do not wish'to’restrict this program to organics,

i
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’
we think it is important to mention organics in order to incréase the

*

-likelihood that organic chemists vill perceive "new materials" and o

o e et b i it b 5, £ bk e
M
A

o memory to be relevant to thelr favorlte compounds as well as to more :

[ IR R A U RN

.=conventlonal materlals such as 5111con angd metalllcs. ";Jpﬂ-f-Pg\.u(ZHWLxmﬁ-ﬁnxwr»

V.
‘1

'?flf”***-“* _While there is now & large amount of research g01ng ‘on-in: organic “53*w?w

i'chemlstry, relatlvely llttle of 1t is motlvated by 1nterest 1n propertles. .
'“?;iipotentlally relevant to memory technology.. We therefore belleve that |
{ - research funds spent in this area have a potentially large leverage.for
attractlng 1ncreased interest from other organic chemists.,

¥e recommend an increased ARPA concern with the propertles of

materiels which are likely to be useful to memory technology. Whether
thiSAshould be done through the materials scieuce office; or through the

b

information processing techniques office, or through some combined effort

is an admiuistrative decision appropriate for the director of ARPA.

Neuro-sciences. =~ .~ - T =

’While-itvis obtlous tmat human‘memories are organiaed mucu differemtl&
from computer memories, no one knows enough about ﬁuman memories to build
| their more advantageous features into computer memories. Just as the study
: j‘of blrds once challenged those whose conceptlon of mam—made flylng machlnes.
was limited to balloons, so now the study of human memories challenges-us
vhose conception of memory is limited to_present-day computers. Even if
the structure of human memory is understood a half—century from now, people -

might then still choose not to design all of the same mechanisms into

'computers. It might be like trying to build airplanes with flapping wings,

.Approved For eelemomﬁgmfmﬁﬁpﬂm(w335000300100606-9
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N4 .
or even with feathers. But there might also be other features of the

- structure of human memory, analogous to the aerodynamics of how birds -

glide, which might yield simple new principles that will provide important

= :new insights. valuable in the design of. computer systems. For thxs reason

'5%we belleve that the -basic” sclences vhich’ study blological memorles merlt

'{.-z P R LA

- ‘%support‘_f**ifﬁ""“L“’"
) We must stresa that.we.expect tne neneflts under thls nrogram to be
very long—term. Biological memories are currently understood too little
to justify any immediate effort to build or simulate neural nets for tech-
'nological rather then scientific objectives. But'tanéiole progress is now
being made on questions concerning the pre—processing in the visual and
acoustlc 1nput channels, the connect1v1ty of these channels to the braln,

and other fundamental structural questions. The neural nets which have

so far_been analyzed in any detall elther physiologically or anestomically

- have been very small usually 1nvolv1ng a few 1nteract1ng cells _ Although

-

- .1t 1s obv1ously 1mp0551ble to attempt the experlmental analy51s of any

Ei51gn1f1cant fractlon of the bllllons of cells in & complex braln there are
limited groups of cells which seem to carry out well-defined processing
tasks. " With the application of modern.tecnniques it may be possible_to

. analyze the anatomical connections and precise.physiological fanctions 6f
"'nerye networks having as many as several hundred interacting Celle,: Tbis
yould yield increased understanding of the nature of some of the elementary

sensory preprocessing functions.

The general support of neurobiological research is primarily;the

.responsibility of NIH and NSF. Hence, the support of basic work in these

Approved For ﬁ{i%e QFﬁﬁ@Mz[tStERgm?Wm 133A0003oo100606-9
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sciences should be a relatively minor part of the total ARPA memory program.
-eNevertheless, this eupport should function as a'means of ensuring a con-
tieuing flow of communication about non—ARPA.funded work in these sciences
to other persons worklng on more 1mmed1ate1y appllcable espects of the ARPA-

“**%memory-COncepts program However, we - are’ div1ded &n: the’ best ways to

‘%encourage thls communlcatlon.f Some thlnk that these sc1ences should.be

.'-f'u,supported as elements of 1nterdlsc1pllnary projects whlch embrace englneers;¥¥g%i

" and computer scientists at the same institution as the neuro scientists;
others think that carefully planned conferences and publications, as well
as consulting aﬁd'coéperative projects, might achieve the same objective

at less expense.
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Manzgement of the ARPA Advanced Memory Program

At our firat meeting, we devoted part of our mental efforts to an:attempt
to 1nvent large new computer memories. It soon became clear that thls )
L attempt to do. years of research in. real tlae exceeded our. comblned mental
'ﬁcapac1t1es.' In. three months we. could at most hope to pdan a memory program, o

"‘there was clearly no way in whlch we' could carry the Program out. Neverthe-““'

'.* r-.....'l- ,""'

'°;1é§s; we have subsequently been tempted 10 subtler ver51ons of thls same
fundemental error.
‘After sbandoning attempts to do the research ourselves, there was then
' a temptation to identify a few-new major technologies which ARPA might
emphasize. Several nonconventional technologies already exist. Bubbles is
" ‘now being deyeloped at a significant‘rate, and we do not think progressAin
~ bubbles would be aubstantially enhanced by additional funding from ARPA at
this time. The IBM Josephson junction program is progre551ng w1th a budget
“fcomparable t6.that - of: a good—51zed ARPA project and it is 2150 adequately

:funded by otherrsources. We now reallze that any technologlcal approach

1

£
.
i

!

+

{

A

i

4

4

3

!
s
i
i
IE

vhich has progressed sufficiently far to warrant a development effort of
this size is very likely to attract adequate industrial financing. There -

_may be a few relatlvely small high-risk de#elopment projects which have.

] SELAR o - . A 4RGSR T

suff1c1ent technical merlt to justlfy con51derat10n within this program,

but the major empha51s of the program must be on the generatlon of new

memory inventions and organizations rather than on the evolution qf those
. |

'\'o

vhich already exist.
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Even after we abandoned the goal of specifying the technologies to be

" developed, there was still a temptation to specify the desired parameters

hof -the 1nventions we wish to encourage. It is. tr1v1al to wish for sizes

o~

'and speeds orders of magnitudes better than today, but less easy to specify L

: the tradeoff between speed and 51ze, or the extent to whlch n01sy, non- “,.‘

L.y

..:ierasable, or delay-line’memorles might be acceptable or the extent to f?,ﬂ3'..'
jggqﬂ;;&yapWhlch additionalrincentives should be- offered for memories hav1ng bonus. e
properties {(e.g., associative memories). It then became clear that problems
of memory organization and use are themselves magor topics for research

In the prev1ous sections, we dia 1dent1fy several types of areas in

which proposals should be solicited The committee is unanimous in its

Dot R A VT T em ; Sea ke e aEeA T )

recommendation that a 51gn1f1cant portlon of - the funds spent on the
: Advanced Memory Concepts Program should go to small grants (i. e.,=<$200 000/year).

We also recommend that these grants be ipcrementelly funded with a threeayear

T er e e

A=

phaseout period to enable the investigators to devote their energies to ¢'hh;il,#J

rscientific efforts rather than to surv1va1 politics. We also recommend that
,'-'_">-~.' . s e [T PR P Lo r . . R P

the program in Advanced Memory Concepts should be w1dely advertised in an

v

effort to generate a large number of unsolicited proposals. In order to

Ly R = S N

advise ARPA in selecting approprlate referees for these proposals, we

b Mmoo ® t

) recommend the prompt formation of adv1sory panels in the follow1ng dlSClp—
lines:
1. Inventive memory technology (5-8 members )

2. Architecture, software, and theory (5- 6 members)

3. Electromagnetic properties of new. materials (h S members)

4, Neuro-anatomy, biology, psychology (L members).

Approved For Re|anR2(ﬁF/mecmeYi 133@60300100666f9
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We also recommend the formation of & coordinating council consisting

cman s alaee

"of people such as the chairmen of each of the above four panels, repre-
-, -Sentatives of spproprigtely selected DoD computer consumers, and possibly .. ...

one or two additional members.

{ L p s e - P .- gt at T .
AL al s ayiys v e T e St Dt el Gt :.! R N Ak R ol e /,-: A A Sl

In order to mlnlmlze confllcts of 1nterest we thlnk 1t 1s 1mportant
“5;.fthat & majorlty of the_panel and counc1l members be persons wﬁo W111 not
.T;recelve ARPA grants. gﬁkﬁ;lh;,g:kiﬁ%h:gﬁuhgﬁfmpkh;3gyﬁmhﬁpggbmiﬂ;ﬂgMﬁ#gﬁ;ﬁihﬁ

In view of the great interest in computers at numerous government

laboratories, at numerous industrial 1aboratories (some of which are not

N S

interested in ARPA contracts) and at numerous academlc institutions (some

of whose members already have adequate fundlng from non—ARPA sources) ve

R PP Qe RN

~ do not foresee any serious dlfflcultles finding first-rate people whose
institutional biases average out to near zero. Recruiting them to serve
: - will not be tr1v1a1 they must be conv1nced that ARPA has a durable comite

ment to the program, that the other panellsts are of & callbre they admlre,

. . .-.-.-..'.'."
'143. ;,...u\ Y At -

;;{that the adv1ce of the panels will be taken serlously, and that relmbursement »

B

and other staff work will be eff1c1ent and prompt.

PR,

We urge ARPA to sponsorAa week-long conference on Advanceo Memory ';é
Concepts in September, 1975. We thiok the organization of this eonference I
should fe bﬁe of.the first.goals Bf the ooordinatiné.coancil;. Tﬁis'codnéii
should then evaluate the conference and devise further steps to ensure that
the results of the research in Advanced Memory Concepts are communicated
to ail ioﬁerested parties both insioe and outside of the ARPA compunity;

This might include subsequent conferences, as well as ARPA supporf of rele-

vant conferences co-sponsored by appropriate technical societies.,
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Ve also recommend that the council assist ARPA in seeking out appro-
_priate authors and initiating a series of special monographs. A book with

& theme such as Fundamentals of Computer Memory Concepts" would be an

'“.extremely valuable ald in focu51ng the attentlon of experts 1n electro-
chemlstry, organlc materlals, neuro—sc1ences “or any other spec1allzed fleld

‘niHT'of sc1ence on the problems of memory. The current llterature tends to be B

K ‘.-, &Lt

'L‘so spec1allzed fragmented and technlcal that 1t is dlfflcult for an out—

- N
M B el et el W e TN o i . P R IO
.-‘-.-» e Y A T YRR LI .--" B St A ] - "~~:. ZE- S AR B2

sider to know where to begin, whlle most 1n51ders are preoccunled with
research 1n‘some narrow subspec1alty Yet the problem of memory has a
broad generallty and presents a fasc1nat1ng 1ntellectual challenge for
imaginative minds, |

Invaddition to the small grants.to support novel and inventive work
on Advanced Memory Concepts; we can identify a few types of projects.which
might merit a major grant (i.e.; budget 1.eve1>$soo,ooo/year).' Like the

smaller grants, these would be incrementally funded with a phaseout perlod

2l St et ) A ERAAPRIY '-1'.—~...,'-..;--55-";f :'-.-’.-';’:-‘- R LA IT S M s
of three. £6° flve years. ' RN

R -;-_,. Sy s

1. An 1nterd1sc1p11nary 1nst1tute encompa551ng all of the areas we

. . .-' o ',.,': RASE SRS

suggest emphasizing 1n_th1s program.
The main argument in favor of such an institute is the need for signi:
- ficant interaction among-the  people working in the four different areas o
.‘whicn we think should beisupported'nnder the ARPA memory program..,New.
posSibilities of computer organization, construction, internal housekeeping,

and usage may call for a different emphasis in memory characteristics.

Conversely: the conception of a potentially powerful memory that does not

fit conventional usage may call for ingenious computer organization. The

Approved For Iierm{: ﬁgrmﬂﬁsﬁm 113a590.03001ouooe-9
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,'projects. To the extent that they “are to be supported st all they sﬁould T
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interpley between physically-oriented and cOmputer—systems—oriented inno-

‘vations is clearly very importent in the construction of any usable system.'

Thls is another obv1ous example. As mentloned earller thls type of '~,'

: f:fproject would elther dupllcate or compete w1th the efforts of strong

....

‘ﬁflndustrlal research laboratorles. We must caution ARPA to be wary of sudh'

5 ;_:..,, a; ’_‘ e AT S e e -;--'_ iy

probably be carried out at an existing national not-for-profit laboratory
or at an industria; laboratory which is willing to supply matching funds.
The goals of such a project are most likely to be more immediate than-the
goals of tﬁis program, and it may bevmore appropriately sponsored by some

other branch of DoD. s

3. An institute to study novel machine architecture and use.

As suggested earller in thls report much of the effort would be '

/s

”'ﬁ;'devoted to paper studles and s1mulatlon of nonconventlonal machlnes._ Sqméfjfjff”

software and operatlng system questlons requlre team effort, whlch mlght be

more readily forthcoming from an institute than from a collection of geo-

graphlcally separated individuals. The institute might also be more able -

' to provlde adequate facllltles for s1mulat1ng unconventlonal machlnes.

These simulations might entail some special-purpose hardware as well as
software, but-the major goal would definitely not be the construction of
any perticmlar nonconventional machine, |

On tme other hamd, some committee members feel that a firm expréssion

of ARPA's intent to proceed with contracts for the construction of prototype

' Approved For Relemnzcm?ﬂ)ﬁil CWWT? 1-3:.*,5053030'0100006-9
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nonconventional machines at some future time, on the basis of careful

prior study of diverse proposals and simulations on conventional machines,

would be a powerful incentive for more imaginative research leading to

. . Y R L T O U PP IS P
A T TR VI T WO L SR RS S R U B R S I AP

Whlle we are unanlmous 1n our recommendatlon that a 51gn1f1cant

'portlon of the avallable funds be’ used to flnance small grants, we have

..... .. s Sy sl we o
et M ) B

dlfferlng oplnlons about whlch of the three recommended major grants

e e e TS T "‘-'-‘ PRV IURY SO SO LIS S Tery - \'-& Tt g
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should receive the most empha51s. Much depends on the management of the
program, both at ARPA and at the institutes or leboratories receiving the
major grants. _The difficulties qf_finding appropriate priheipal investi-
gators for large grante should not be underestimated. It may easily happen

that a superstar academic researcher may not be a very good manager.  There

"will also be additionsl difficulties in obtainihg Eignificant effort from

people in ‘disciplines whose.value structures rate other problems as sub—

stantially more impoftant than the problem of finding new concepts for

At our flrst meetlng, Dr Luka51k asked thls group to con51der the
relative merits of implementing the Advanced Memory Program at unlver51t1es,
at industrial laboratories, or via new institutional entities which we were

invited to devise. . Except for .the exiéting not-for-profits and the obvious

.(and'perhafs insufficiently used) poesibility of enlisting othefwise

unavaiiable academic talent through off-campus consulting arrangements, we
: i

have no additional types of institutional entities to suggest. These

- : , L

reémarks are not intended to prevent the establishment of new institutions
. - C o

of the existing types.. A small institute or laboratory might function

Approved For ReleaseFﬂﬁMﬁﬁ?nﬁq ﬁ 80MO011 ‘3A000300100906 9
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ties is that they w1ll attract graduate students.: This is ‘an 1ndispensable

l fUnds of the Defense Department (of which ARPA 1s a relatively small part)
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better’if it is totally autonomous than if it is a wholly-owned subsidiary
of a iarge, established bureaucracy. The larger and older institutions not
only have higher overhead rates; the "services" which this overhead supports

-aTé -sometimes move of a hindranée’ than " help. “Thése ‘organizational’ qiestions

merlt close scrutiny for every grant

The great and obv1ous advantage of research programs based at univer51- ”;'Ll

. ‘-__ ,4.' oo

B ch et ta e et -
Vil e ’g K ‘-,‘ PR g N \.4 V& Ae -t ol ..:.‘.,5:;_

mechanism for exerting a 51gn1f1cant 1nfluence over the }1eld for many years
to come. For this reason, we are'unanimously agreed that e major portion
of the: funds available to the ARPA program in Advanced Memory Concepts should
be spent at univer51t1es.

Industrial laboratories and national not-for-profit laboratories often
have more experienced managementrand greater flexibility than universities.
For thesge reasons, and others detailed in Appendix E, we are in unanimous

agreement that the dominant portion of the computer research and development

should be spent in 1ndustry There is no question that projects which
emphasize development more than research are unsuiteble for universities.
Despite our broad agreement on these general principles, we have -

differing opinions over, the,precise ‘balance we, would like to.see between.. .

- universities and 1ndustr1al 1aborator1es within the Advanced Memory Concepts

Program Some feel that all proposals should be considered solely on their
merits; others feel that university—based work should receive special

recognition for institutional side-effects. In the opinion of the chairman,

this disagreement may not be too important; Whatever grading system is

Approved For heuepaﬂzc@;mmzz_’g‘c%?ww 133,0_&000300100006;9
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used, I think it likely that much of the work on innovative 'i;echnologies
) will be based in industrial la’boratories, that the bulk of the work in the
remalnlng areas will be based in unlvermtles, a.nd ‘bhat the nqt-.fo;r"—pxj'qf‘it““

©otMavnar

N laboratorles should get some . sha.re of ea.ch.
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APPENDIX A

SPEAKERS AT MEETINGS OF ADVANCED MEMORY CONCEPTS GROUP

"~ Nov. T ~.San Franciseo - . i N St

’, Ro'bert N Noyce Pres:.den't of Intel Corporatlon Santa Clara, Ca.llf.__ L

John McCa.rthy, Dlrector of. Artl.flc:l.al Intelllgence Lab. s Sta.nford Unlv.

N AT

C e e s '»— " e e Sate RS e L Lt e e e L P R PR A X I

Nov 18 - Newark N. J

o LA, M e b 9 e et e A
ot . . Lot

Wilhelm Anacker, IBM Watson Research Lab. s York.town Heighté, N.Y.
Sidney- Fernbach, Dlrector of Computlng, Lawrence leermore Laboratory .
Rlc* .rd Karp, Associate Chairman for Computer Science, U. Cal-Berkeley
Joel Moses, Deputy Director of Project MAC, MIT

" Michael L. ﬁertouzos, Director of Project MAC, MIT

- Allen Newell, University Professor, CameAgie—Mellon Univeréity

H. Chang, iBM Watson Research Lab., Yorktown Heights, New York

D e T T I R e g P
Bl RN e ] A

San Franc'isco- .

' Forest Baskett Electrlcal Englneerlng & Computer Sc1ence Dept. s
Stanford Unlversrby .

Dr. Mueller—Westerhoff, IBM Research, San Jose, Calif.
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A High Density Molecular Memory ‘

by C. Levinthal

the electron mlcroscopy of blologlcal macro-molecules whlch suggest a new

o method of constructlng a computer memory whlch can, in princ1ple, store a . fﬁ“'”

RN

SCRL IR LA L

"hﬁgvery hlgh dens1ty of 1nfonmatlon.,b;;f fuii .f"ﬁ v',nf;::. ?]i _;"~¢4:¢a.5;5:

The flrst development is that several proteln molecules, small viruses

and other macro-molecular aggregates have been shown to form very regular
three—dlmen51onal cerystals whose surface periodicity can be visualized in
the electron mlcroscope. The number of particles regularly spaced in such

a surface lattlce is of the order of lOll to lOla/cme. If such partlcles

'could be modified in a detectable way one would have a memory system with

1015 bits .stored in a square meter. (THE MOLECULAR OUTLINE OF HUMAN GI

IMMUNOGLOBULIN FROM AN EM STUDY OF CRYSTALS by L.W. Labaw and D.R. Dav1es,

T'Ultrastructure Research hO 3h9-365 (1972) by Academlc Press, Inc )"

K}

The second development was the observatlon that any materlal held
together with co-valent chemlcal bounds, and particularly organic macro-

molecules, are disrupte.d when irrasdiated by an electron beam. The theory -

ofﬂthe.rediation.gamage_is,not,fully understood . However, the experimental. .. ..

observations on the mass-loss of organlc material when it is subject to

ionizing radiation are well established. Total charge of approxlmately

-3

10 ‘1:0110"2 coul/cm2 cause rapid and large scale loss of organic:matter.

.These currents correspond to .6 to 6 primary electrons passing through each

)
i

square angstrom of the target material. Furthermore, the approximate cross

. ] By .
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section for 1nelast1c scatterlng can be calculated to show that the observed

.mass~loss occurs when secondary electrons are ejected from & large fraction

of the target atoms. (BEAM-INDUCED IOSS OF ORGANIC MASS UNDER ELECTRON
:;TTMICROPROBE CONDITIONS by . TeA..-Hall. and B L.. Gupta;xJournalsof=M1croScopygznm-r'”

‘.AVQl 100, Part 2 March (197h) Pp. 177-188 )

Scannlng electron mlcroscopes (SEM) w1th fleld em1551on electron sources

=fl;;and methods for focus1ngcelectron beams whlch produce vexy hlgh current

den51t1es in very small spots represent the thlrd relevant development.
Current densities of th to lO5 amps/cm2 can be achieved with & spot having
a diameter of less than 50 angstroms. Furthermore, in currently available
A SEMs' the stability and prec151on of the deflecting system is sufficiently
great so that.p01nts in the target Plane can be addressed with an dgccuracy
of one in 10° to 1_06 in each dimension. ‘Thus, each of some 1010 points

can be addressed in a two dimensional target by electronic deflection of

the beam. In addltlon, systems have been developed for controlllng beam

N IR AN - e el e .._':‘., ; e et e e e L v--,< -., R S AL P

» -pos1t10n w1th a computer and for detectlng secondary electron em1551on,

prlmary electron scatterlng, and electromagnetlc radlatlon 1nduced by ‘the

electron beam. (For example, Model 106 STEM, Coates and Welter, Inc.,
Sunnyvale; CA.) .

- In order to6‘visualize Organic“material'dnvan SEM; particiilarly in the
'reflection.mode, the material.is ordinarily coated with a thin metal film.
This film, deposited by sputtering or evaporating in a vacuum, increases

the contrast of surface contours of the'organic material by a very large

factor. In addition, the shape of the surface is stablllzed by the metal

film; after 1t is dep051ted there is no longer any change in the shape or

Approved For R&&R 95{ k1| lzé'mRBMDWM133A0603oo105005-9
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scattering power of the surface when it is further exposed to the electron

_ beam. , ' _ : o -

These properties of oréanic material in.an SEM mean that it is noseible
V,,to construct a wrlte—once, read-only computer memory in: which .eath- b1t

y .
oo fcorresponds to one blologlcal macro-molecular partlcle w1th dlmen51ons of

. ; L

‘,:,the order of one or two hundred Angstra 1n a two-dlmen51onal lattlce of

Av._memory molecules.l Data could be'wrltten 1n tbe memory at the rete of about

T . . o AR
R e U—,.-:t-,'.-' R vt

10 Megablts/sec and after a block of data in an area of approx1mately
0.1 mm2 had been wrltten, it could be stabilized by evaporating a metal
film ‘on the small surface. Subsequently, it could be read by using the

scanning electron microscope in a conventional manner and processing the

Attt

output video data to yield a bit'stream at & rate of epproximately 10 Mega-

- bits/sec. -t

NTE ol e T 0

Since the uncoated memory molecules are unstable under electron bombard—

erEs

ment they cannot be examined before writing. Therefore, the scan correctlons
.m;ffor the rotatlon and translatlon of the memory lattlce must be determlned

by exemlnlng the selected reglon around 1ts perlphery. Thls can be done o

by evaporating a grid of metal-coated strips over the entire lattice and

- meking use of the fact that within such strips the location of the memory~

D o T e I ST o S v
T P

" - molecules could be determined without radiation damage. " Such grid strips =~
yould be prepared by conventional.lithograpnic techniques nitn widths of _
approximately 0.5 micron end the arrangement of the lattice memory mole-
cules within a grid equare could be determined by scanning with the electron

beam around its periphery. .

FoR 0r PO U MJ»I
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’
The basic principles described here are an attractive basis for

- further study: we still need empirical verification to know how long
would it take to write one block and with what rellablllty or error rate
o could the system operate.. These.molecular-crystals are. known to contaln;“'
;: defects at Wthh crystal planes sllp w1th respect to one another. The G
;j:“process of scannlng the periphery of ‘a grld square could help in detectlng ;;f‘;j
‘:}ggsuch defects and 1f one were. present the square could be rejected.,p;f;,;Q3‘
ObViously, the immediate problem in developing a molecular memory of this
kind is connected with the target meterial. There are many different
'macro-molecular'arrangements vhich could, in prihciple,.be used and their

ease of preparation, stability and ability to be modified would have to

N
.
e
3
E
i
1
4
15
i .
4
:
i
4

be studied with currently available SEMs before any real design could be -

made for a practical system.

In the practical operation of a molecular memory of the type described

R

here, one mlght have a target of approx1mately one square meter composed of

i

< h i A Dk

B qﬂpmany small molecular lattlces embedded 1n a plastlc matrlx.l Each of the
separate “lattices would be mounted on a wire mesh and a partlcular openlng
in the mesh could be moved 1nto.p051t10n by a mechanical translation of the

-

target. The electron beam would be used to locate the edges of the wire
'i'Ahd"ﬁﬁéfefo}é'déférﬁihe the referehce positiom for'a.square, and within
the square, the orientation of the molecular lattice could be determined.

by examining the molecules in the strips precoated with metal. The time

for the mechanical motion would be of the order of 50 to 500 mllllseconds

~

and once the orientation of the lattice is determined, the time to position

‘the beam to a defined point within the sguare would be of the order of 2

Approved For delFﬁ% @WW{Q}_@@E@M\% 133A000300100006-9
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}» - te'QO micfoseconds. Then & raster scan could be initia@ed during vhich
_ the transfef rate would be of the order of 1 to 10 Megabits/sec. Provision
would have to be made for coating a small region of the target with metal
'-»VWithout distufbing:the'feét‘bf'it; bt one arranged the target so. that the
"ﬁ'molecules are.on. a plastlc backlng away from the electron source then low

e

”?_ﬁoh,;voltage electrons ceuld be used to flnd the p051t10n of the Wire’ whlle

DU . Teeed el
B R A N

address the moleculer memory element which would then be on the bottom of

- ...'. ool RSP

the plastic.

<
*
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Innovative hnologi er Memories

by
Jan Rajchman

'- The follow1ng 1s a llst of means to construct a memory ranglng from

-

Aestabllshed technlques to p0551b1e approahces.- Commentarles about items NI

Aff'l—S eppear on pages 3—5 of thls report, commentarles about 1tems 6-lh are ;ffff}_(
sketched out below. e o
The possibility of other approaches is, of course, the main hope of

themePA enterprise. Iﬁdeed we believe that the probability of success is
good. There hss been a stupendous advance ic relevact technologies with
'man&,more options to consider by masy more competent individuals to consider

_them‘than was the case when- the present techniques came into being. What

' may help most is a fresh look.

List of Memcry Techniques

'ff A Establlshed Technlques '&1£y““3.‘lﬂﬁﬂ :'"H..:“L.'. :. -
’ 1; Semlconductors ;;

2. Magnetic recording

Systems or technigues recently deveTODed or the subJect of recent research

' 3. Magne’clc bubbles (mostly BTL a.nd IBM)
| Memorles and processors based on the Josephson effect (IBM)
A Reed-only‘rotating discsA(RCA; Zenith, Philips and others)
Read-only, write—once mass sforage system (Unicon 609)

Optically addressed write-read rotatlng discs (IBM Honeywell
Overseas labs)

_Approved For Releﬁﬁomﬁfgflﬁggpmn&r33Ab06360'1OObOG.'Q
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8. Holographic Memories (RCA, BTL, RADIATION, CSF, Siemens, and others)
9. Electron beam accessed memories (SRI, Microbit and others)

10. Electrochemical Memories (University of Michigan)

B 2. T

._Possiblg topics of intéf¢Stﬁi,L3*

-ll.:-Delay linc ﬁemorieé
'J'“"léif 001101dal, photochromlc, and macromolecular materlals "
o w3 Organlc materlals iﬂ::Qu:ﬂ#f,ﬂaﬁﬁgaqfiﬁkf'”J?'"'

14. Molecular biology - materials contribution

6. Read-only, write-once, Mass storage system (Unicon 609)

9

" This sytem stores 2 X 10” . bits on & thin rhodium-plated data strip

.apprcklmately 4-3/L" wide and 31" lcng. -Readi;g is by detection.offthe
difference in reflectivity betwe;n a "burnt" and ;non—burntf hole. .Thé
strips arc mounted on druﬁs and tracks are celected by galvonoﬁeter deflec-
tion of tﬁe laser.beam. . Total storage capa01ty w1th 500 strlps is 1012 blts. s
A The system is manufcctured by Prec151on Instruments Company and 1s Lf".ﬁ
?tfresently underg01cg operatlng tests at the Un1vers1ty of Iowa at Ames. lf'
is an cxample of very high capa01ty mass ctorage with typically best access
timc poSslble with high density mechanically transferable medium. It also
" provides” an éxpcriméhtél”uhiﬂipcméc%éfﬂihé %hé‘aiiiity‘éf’a‘féédléﬁiy write-
'oncc mass.ﬁemory with a low cost éisfosable storing'medium. |

T. Optically addressed write—read rotating discs (IBM Honevwell over—
" seas labs

o~ . I.

The disc is coated with a thin film of magnetic material witb strong

magneto—optic properties. - Writing is achieved by heating micron sized bit

Approved For Releasrﬁﬁ03ﬂ¥) %l IA-R ESOBMOI‘I.1 33A0003001006006-9
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spots by 1asers to temperatures over the Curie point and by letting them
'cool 1n the presence of a magnetic field whose direction determines the
stored bit. Non-destructlve weaker llght is used for readlng, and 1s '

?1nfluenced by the dlrectlon of the stored magnetlc fleld. _ ':'“‘:"

A 51gn1f1cant progect at San Jose IBM with cryogenlcally cooled discs

-.fnot to be competltlve w1th magnetlc recordlng. Considerable work at. room
temperaﬁures with films of manganese bismuth is continuing, notably at
Honeywell and many laboratories abroad.

No edditional support is recommended dnfthis area unless a new.radical

concept appears.

8. Holographic Memories

A mass memory with the storage capacity of mechanically accessed mag-
netlc dlscs and yet with random acce551b111ty at electronlc speeds became

. a p0531b1e concept w1th the advent of holography The laser beam 1s a :'.

. long p01nter at the end of whlch 1nterference phenomena (due to another
conjugate beam) creates a fine structure--that makes possible redundant area

storage of bit density 106 to '107

bits/cm?. Powerful selection adressing
schemes are possible due to the independent freedom in page location and
composition, . .

All aspeets of the concents were'experimentaili demonstrated dn a
scaled-down working systemd(RCA) end detailed analysis showed the ‘desired

mass storage goal to be attainable (Siemens, CSF, RCA, Radiation,,and

others). The main diffdculty resides, not in the information handling and

Approved For RFBﬂseﬂ!Pmeiz L@El@ﬁﬂﬁnm 133Aq063001doeos-a




system aspects, but‘in.the energy aspect. There simply are not sensitive
- enough storing light responding materials or pracpically usable lasers "
.that are powerful_enoﬁgh. |

- We belleve that. 1mag1nat1ve proposals for very sen31t1ve in situ
recordlng materlals would be a 1eg1t1mate area’ of support as all 1ndustry_:'

R

has essentlaIly ceased further development on’ thls approach.: Also novel

'.--- - D - .

approaches should be con51dered that would radlcally increase llght utlll—r L.lfu.

zatloa by an order of megnitude (only 1% is used at best in present designs)

or simplify optics {very high quaiity lenses are now reqpired).
Incidenialiy, no other.concept has yet been'proposed thaﬁAcombines in
one device permanent recording capability with the high speed random access-
ing (and even content addressaole accessing).
Besides.WTite-read work, a aumber of read-only holographic'memories
were developed.. Capacities up to 108 were attained (in Japan) and iarger

':ivcapacities areprSSible;_ Bo_far none has found. any ‘relevant uses.;'(BTL}ﬂ g';

Slemens, several Japanese companles )

o

9. Electron beam addressed memories (See also D 9 and Appendix B)

The electron beam is the electronic "pointer" par excellence and ever
since the 19h0's it has been the basis for "storage and "memory" tubes.
;'It was soon found in the early days that random deflection of'the.electron
beam, pnaiaed by feed-back markers.on the targetglproved difficult'and'
suiprisingly low capacities of at most a thousand bits per tube wvere
realized at first. Feedback systems were found both cumbersome and slow.
There was the conception and development d@ the purely digital (but expen-

Asive).selectron. Over the years advances in electron optics and in A to D
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converters made far more ambitious beam addressed densities reasonable.

) The ultimate in precision of deflectlon has been reached with the scannlng
electron mlcroscope vhere perhaps as many as.a m;lllon p051tlons can be

. reached at random Thls 1s obtalned w1th extreme care. 1n electron optlc

.lens de51gn, stablllty of power supplles, shleldlng agalnst stray flelds,-

.P;fetc.. Relatlvely small electron beam currents are: obtalned There have .

‘ialso been 1mportant concepts 1n compounded selectlon that - demand in each ‘6

. - : . Toae ailenen ..',
- S Sl e e, . . SN :

: two consecutlve deflectlon steps only the square root of the ultlmate resolv-

ing power.

For storage; most systems have'been'using snrface electrostatic charges
obtained by primary bombardment and secondary emission from an insulating
surface or floating metallic islands. (Among recent efforts‘are:' extended
work at‘SRI;-also at’GE, in\Japan and various individual efforts, snch as

Ph.D. theses).

A SJgnlflcant recent development (at Mlcroblt), is in the use: of charge -

A ,.,. . .l--, \' .

pp:stored below the surface of semlconductlve 5111con at a depth penetrable by
.the hlgh speed electrons from the beam. The mechanlsn of storage prov1des 'i
for inherent ampllflcatlon of charge in the silicon that increases by two
orders of magnitude the stored charge and read-out signal. It also tends

- to minimize detrimental interactions between adjacent bits. It appears at

7 bit/cm2 are expected but have not yet_been_

. present that densities of 10
demonstrated. Also, estimates indicate possibilities of one or two orders
of magnitude greater densities. Hence, with a reasonable number of tubes,

memory system capacities of 108 to 10ll are considered by Microbit.' It

- appears reasonable to consider this type of“tube, vhich is not capable of
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generating its own permanent record and is likely to yield smaller storage
) capacities than estimated by its proponents, to be a candiate forvthe "gap"
.u,between discs and high speed tran31stor memories, rather than as sa. mass SRR
:memory;%:t . . NI T O
iDespite-tﬁe fect thetithe electron beam:(or more generelly electroh..
optlcs) 1s among the oldest of all technologies used for: memories, it .
:?Tnevertheless should be con51dered as a prime‘contender for new ones; Indeed T”:
"éieéﬁitﬁ optics-permits-to”".ee" et the smallest scale yet attained the
electron beam carries some of the highest energy densities attainable, and
very low inertia permits high speed of communication. However, in this

‘ case, particular care must be exercised in deciding what is pertinent for

ARPA -to support.

1

10. Electrochemical Memories

It 1s p0551ble to store a bit by electroplating a chemically active

-metal on one or the other of two chemically 1nert electrodes ThlS 1dea '

&

s f'wis not new, but a recent study at the Un1vers1ty of Michlgan Just publlshed

has demonstrated the potentialities for a voltage-coincident arrayed memory
based on it. According to the study, one could hope for capacities of 108
bits, access time in hundreds of microseconds, and relatively easily made
structures.because packing densities_need not be excessively high. Consider-
'ableAdifficolties remain mostly beeause of non-ideal behavior of the
electrolyte. This non-conventional apéroach may have very significant
potentialities. The critical issue is the behavior of electrolytes at high

speeds and high current densities. These are areas in electrochemistry and

science and art to which very little attention was given so far.
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[4
11. Delay line memories

Disturbances propagating naturally in & medium, such as sound waves,.
'_can be the ba31s of a memory by s1mply restoring the weakened and distorted,._
' "outputs to their original strength and shape and feed them to the 1nput .
ThlS 1s an old 1dea that was the ba51s of the early computers ‘The greater r
versatillty of random access memory has 1argely displaced delay memories.
Today 1t may be 51gn1f1cant to have“anotner look at this approach,;:f.fﬁ;-;f
“which is’ 1nherent1y of low cost 51nce 1t~employs a continuous medium and. -
requires no construct-per-bit. In the first place, another view of
computer organization may make it more compatibie with serial'access than
the -conventional one, as is considered in some detail in this report. (pp. 12-18)
In the second place, recent technological developments may in fact

make the serial nature of the delay compatible with convential organization.

There has been.considerable recent development of wrap-around delsy lines

i
i
1
i
3
i
{
I
'
3
4
3
1
§
!
|
!
i
i
!
.
3
!

'in which the information is stored in surface acoustic waves trarelling over
jcrystals or non—crystalline solids. Recent work of I. Mason and others at
'.ﬁUnlver51ty College London; employswpiezoelectriclfilms on’ lense-shaned R
quartz wafers. Shiren of IBM Research has described & mechanism occurring
in piezoelectric semiconductors vhich traps signals in the form of acoustic

bulk waves at frequencies up to 100 GHz.
A more speculative idea would be to use optical delay lines.i Yery low
loss lines were obtained by multipie reflections between spherical mirrors

about'ten years ago (BTL). It may be possible to use such mirrors for many.

beams similtaneously. Furthermore, a beam could carry a wide freduency

‘band of information that is multiplexed in and out by optical beams. The
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large bandwidth capability of light carriers could be used without the

concomitant nece551ty of electronic switches of that bandw1dth. The f‘

AP
fo

:ﬁelectronlc c1rcu1ts operatlng -ab thelrvhlghest bandw1dth whlch 1s.st111 mpch.
'illower, could be trlcked to effectlvely yleld & random .access demory. Such Aﬂyfu;
an approach wouid try to exp101t some of the recent advances.ln optlcs,
L isuch as’ non-llnearlty, the whole area of: dlffractlon technology rev1ta11zedpﬂ;ﬁi7:
' “by holography,.laser technology, ete. \Thlsrls'glven'here as pure'specula- o
tion, perhaps'as an example of ideas that should be proposed to ARPA for

study.

" 12. Colloidzl. photochromics and macromolecular materials

The electrolytic cell operates by transporting materisl:from electrode
to electrode, through ionrc sized particies.‘ More material per unit charge
can be transported the larger the transporting corpuscle.

An electrophoretlc dlsplay device developed at Ma51shuta (Ota et al)

Vu_ﬂ depends on transportlng mlcron-51ze colored partlcles suspended 1n a 11qu1dw4;;,.,
of snother color between front transparent electrodes vhere thelr color
-is visible and a back electrode where it is masked by that of the suspend-
~ing 1iquid. Since the particlee stay where last driven, this form of -
display is a memory.
d Similarly there is considerable work with so-called photo-chromic
daterials.which produce large chahgee of color dpon application ofjan.
electric fdeld due to the change of generally large organic macromolecules.

~

Here again relatively small electronic charges produce large effects.

~
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13. ‘Organic‘Materials (See also pp. 19-20)

Thus far electronic devices did not exploit any properties of organic

J’méieriais: *Yet-£hé*ektfaafaihafy'ricﬁﬁééé”aflpfbpértiés”thﬁ%"seems"ﬁogsibiéli;f‘

-'w1th the modern understandlng ‘and. materlal synthe51s technlques would oo

suggest that thls 1s an. ‘area whlch could be exp101ted 1f the 1mag1natlon

.and. Sklll of the dlSCIPllneS of the organlc chemlst the electronlcs and- fv.zmi

" ,'"~.-.~.‘ ,._

_ ;computer experts could be.conblned.:i.d
A suggestive example is the work at Penn whioh synthesized ma@erials
conducfing one to two orders of‘megnitude'more in one direction than the
‘two -others. Very non-linear dielectrics would be'anofher possible example, -
While this is a possible area that shouid be supported, there is the
danger of-directing ARPA funds to basic scientific work;-however meritorious
it may be--if there is not some notlon of the effort's appllcablllty to
-memory. We 30 ‘not believe that the ARPA funds are sufficient to "seed" all
: inbasic.work._ Frults will be born more llkely by the assoc1atlon of invention
“,snd science, than ungulded science alone. Clearly some phenomena are so.ﬂ‘:
‘1ntr1gu1ng by the strangeness or magnltude that 1t may be taken for granted
that their greater understandlng would lead to useful notions for memories.

-

It is a question of judgment for each case.

14. Molecular biology - materials confribution (See also pp.20-22)
The human memories organization and biological memories system me& or
. ' ' : ’ K |
may not be of great significance to the development of artificial:"stores

of information" that we are in the habit of calling memories.
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There are likely to be contributions from the biosciences other than

- on the' systems level. It is possible for example that some of the special

materials that are bio-synthesized may be very useful to construct memo;j.ie§. o
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General Notions Aoout Memories

: _ | by

Jen Rajchmen |

t memorles that could gulde wouldee

There “gre
otlons of former researchers who have led

o ‘some- unsurmounteble obstacles. ,Qfﬁeoﬂiﬁese:QLJi' Tt

These are mostly n

notlons are SO vague "so0 1ntu1t1ve, sO controver51al, or SO tr1v1al that
they are‘not clearly artlculated and seldom if every published. There
should be come encouragement to bring these ideas to light.

Here are sbme‘examples:
£ the thlrty year hlstory of modern

ral characterlstlc o]
ion have lagged behind.

1, One gene

computers is that tedhnologles for storing 1nformat
those for loglc proce551ng. This is SO much SO that usually the character-
n istics_of memory end storage devices is teken as the main gescription of

R ..
R R
3 LU e e et

the Wh01e syStem' N h t".. - e et DT C V . . 3
Perhaps a ba51c reason'for fﬁis ié'simpiy the follOW1ng. The unlt of -
ete cell, A spot on

it a means of identi

storage-—be it a discr a continuous mpedium or & travel-
fication OT

e--nas assoclated with

ling disturbanc
¢ required in a unit

“AND“

"garessing mechanism” that is much simpler than th
This mechanlsm is at most an elementary loglc

rlx-llke memorles, a controlled displace

manlpulaiive logic.
ment of an

in core OT. other mat
electron beam or laseT, the timing of the motlon of a disc or tape, OT of
te this mmuch greater

the natural propagatlon of & disturbance. Despi

ing cell &s compsare

simplicity of the stor d to the information—gederating—
the required nunber of storing cells is 8O

logic cell, still in general,

Approved For Releas*@ﬂ3@1£}%&k-l’ﬂ$§0gﬁ\‘T§3A060:’300l000;6
. . -9

PRI P SRR e .
' SEFRPE T ARG S P . .
AR Pl et e b de RSEE ¢ .

general notlons abo
RTINS u~4~




. o D=z
' .A'bproved For Relef%‘;{zcgflﬂ[zhﬂc@%@m 133A000300100006-9

much greater that the overall storage system is more onerous than the

v .-

overall logic system. Fortunately many fewer bits need to be manlpulated

“with each other than 51mply stored for otherw1se these 51mpler storage

T N R TN SRRy pot .'-'-, T N s P Tares e
weeosral o -cells would make: no’ sense’” o T :

“;f;;It seems therefore, that the technologles for storage and loglc thatf?wﬁ”i“f

'»are:dlfferent have good reason to remaln dlfferent

T S T

tt.;:;;éé}fﬁhgr}ih recent success of tran51stor technology in memorles tends to~runﬂiﬁ:FF”l
| | counter to thls hlstorlcal and seemlngly 1nherent trend Even here LSI '

: is most|successful in high speed memories when the logic unit'cell of

storage deviates most from & true logic cell and is 51mp11f1ed to the

ultimate by a .capa01ty storage with dynamic refresh" approach., Then its

per-bit-cost is low enough to provide the hlgh-speed needs of ROM, Cheaper

Yet are|CCD memories with lesser cell complex1ty, but they provide only

serial Iather than random access.

Thel normal evolutlon of 1ndustry w1ll show where the LSI technology
o w111 lead to. It may 1n fact be sufflclently §r0m151ng to warrant a fresh
look at dlstrlhuted hlgh-speed memory-loglc and content-addressable memorles

that thus far simply were not economically attractive in comparison'to

valternatives for the same functions. -

b M bttt b A e+ oo oo
.. 0

However, outside these areas, the logically potent semiconductor tech-~
< ;,n010gy is much too expens1ve for the s1mpler tasks of mass storage of large

amounts of information, where spec1ally tallored other technologles are

needed.

[T

2. |The physical nature of the bit storing unit and the mechanism of
identifying or addressing the stored bit are two essential and usually

f ' '~ inseparable aspects of any memory concept.
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The state of magnetization, polarization, electronic energy level
.occupancy, surface charges, elastic deformation, persistent or tunneling
currents are'ali wellékncﬁh'examples:cfdphysicalvsfates used ih'meﬁory;

T e

|

|

|

%1 ;_HH_ ceils.' The 1dent1fy1ng mechanlsm generally depends on the phys1cal locatlon
} of the storlng cell hence the general use of the term "addre351ng . Address-'-3
| L

i

lng 1s by three pr1nc1pal means (1) by c01nc1dence of exc1tat10n of con—

auctors 1n a 2 3 or n-d1mensxona1 array, (11) through a p01nter such as’
1 . . L
g' - - an electron beam, e laser beam, a magnetlc head or a recordlng needle.
|
Elther the p01nter moves on a fixed medium or vice versa. It is interesting
to observe that 'in the whole art of electrcnics there are cnly these four
main pointers. (iii) through the natﬁral propagation of a disturbance such‘
S as an elastic wave in a delay line. ‘
| Holographic recording spread; any cit orerAan.area‘(or a line) and
- bears the'same relation to'spot bit recordiﬁg in the space dcmain as does
, frequency modulatien fo puise moduiation in the time domain. Here the .
j;tf” 1dent1f1cat10n of the stored bits 1s not strlctly related to thelr physlcal;Z”,ff

locatlon.

One could envisage a volume of inhomogeneous material such that if it

-
t

wvere irradiated as a whole by some radiation bearing an appropriate code
(such as sharp spectral line or lines, or time sequences of specific fre-
.quencies), certain,parts of it would be transformed -and in effect store

the event of such irradiation. Subsequent irradiation would cause the
I

storing material to emit some other radiation revealing their state. Such

—~ . !

a highly speculative example (or fantasy) is given here to illustrate the

‘. possible idea of a "lock-and-key" type of memory in which information is

' | Approved For RFBRseﬁ??gﬁﬁz ﬁgemi '01133A000300100006-9
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broadcast and finds its own specific responders. Here 1dentif1cation would

be fully dlsassoc1ated from exp11c1t phy51cal addre551ng. .

[ N

b e b
.

3. While memory is essentially an information-centered device it
_ necessarily requ1res energy for its operation . In general the energy ex— S
panded to® store a bit (in write 1n-51tu memories) is relatively large
because of the relative 1nsen51tiv1ty of most storing meterials and of the»;wtz-t
nece391ty of obtaining.a'read-out 51gnal sufficently large to dominate ?L:a;?:'.t

. . T, .

over 1nherent and man-generated competing s1gnals Energy delivery is in

Lt emme 4 e e e et
L, .
. .

fact an important aspect of addressing. It is veny efficient in magnetic

recording. In memories with no mechanical motion, energy delivery is most

efficient in electron beam and leser pointers that have high energy densities

and oarry energy end address information simultaneously. In matrix address-
“ing much energy is wasted in non:selected locations. This would be even |
more so in a volume broadeasthtype identification memory systen.

h,. Bit dens1t1es ‘have constantly risen both on magnetic tapes and
}%gf~ju' \discs, in- cores and 1n semiconductor memories. Higher bit dens1t1es 1n a
T l.mov1ng medium’ prov1de higher bit rates and economiee in required storing '

surface. Higher bit densities in semiconductors provide greater economy
. in silicon--a significant factor in aetermining cost--and tend to increase
speed. (The same arguments were valid for core.)

It is only common sense to demand miniaturization in memory. When

A\

dealing with information, matter and energy are things to put up with, hence

the less of them the better. We generally agree with that notion.
~ |
It may turn out, however, ‘that there is some optimum size, not neces-

sarily the smallest When making a mass memory the controlling factor is
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cost. 'The convenience of fabrication is highly sensitive ‘to size, very

large and very small things are more expensive than those for which most

x.....

'shop technlques are appllcable. Furthermore, elements that have been

mlnlaturlzed to the extreme-—far below the wave length of llght for example-~

A e e e e

._élcan be used only w1th very'sophistlcated detectlng techniques such as hagh

prec1s1on electron beams The apparatus to produce and control such beams f_ T

e e e ety o

C'Erequlres a volume that 1s rldlculously larger than the volume occupled by

~

o the storzng medlum i Hence no reduction in overall volume of the hardware
results. Cells with larger areas’ occupying the same or & smaller volume
may in fact.be dless costly. The matter is clearly subject to'scrutiny.

Most memories today can be thought of as two-dimensional; surface of

the recording magnetic medium,.or surface of the silicon chips or -surfaces

in most'other-types.' The question as to'uhether three~dimensional storage

is more desirable has often been raised. In general it turns out that it

is easier to increase one- dlmen51onal den51ty by the square root of 1ts

~vatta1ned value (from o, to n3/2 leadlng to. n3) than .to shift to 8 three-.~

“?dlmen31onal array w1th the same one-dlmen51onal den51ty (n >.n ) becausejrcf:ﬁ
-in the three dimensional implementation the freedom for inventing various
. art effects is quite limited. hor example it is easier to make memory -
with a plane 1000 x 1000 than with a cube lOO X 100 x 100, Matrix t&pe
-memorles w1th n leads pa551ng through each cell can be thought of as
n-dimensional. For 3 leads they can be thought of as a three- dlmen51onal _
memory. In the case of 3-way addressed cores, one finds it more convenient~

to wire the cores by planes. ?
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These remarks on miniaturization snd dimensionality are made here
not as having a’bsoluﬁe-validity, but as cautions against sole reliance on
: J..oosely'definedfcommo'h» béliefs'. .
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VR . - .. by V. A. Vyssotsky
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In th1s note I shall brwef]y consider how ARPA funding of advanced
. memory systems research may. fit with the industrial R&D picture. ~
... 'Much of the note is bac!ground material. which is. not deep or novel’ o
' 1'"but which I include becduse I'm not fam111ar with any‘place where @~
i 1t s ur1tLen coun 1n JUS» th1s form : . .. o

. At . DY P .
B S N AT LRI R C L S L S S SR T S

. -l . A HJPOtthT Ca.l Examp] e » . _ -‘.; J. ;::- - ’ * -. ‘

To set the stage, let's consider a mythical example of an advanced
-memory system project as contemplated by some major company. Our
‘ memory will be based on new device technology, will have access
| - time 1n the range of microseconds, will have capacity

| ]5 b1ts, and will sell for $10M (10 '6 cents/bit), including
40A gross (pretax) margin. Research leading to this memory will

Ty Y T ——Y

start in 1975 and product1on will beg1n in ]995 R&D cost will
| be: ) : :
L $0.6M/year in 1975-1984 -
$1.0M/year in 1985-1989 |
.. .. $2.0m/year in 1990-1994 .
““-%t??~*ﬁfj*=~~-5 u_~}a-ﬁ»‘$1 ow/year in 1995-1999 '?*;?fﬁg;*rli??f?iﬁ:fi{%=*-<>’

" In¢identally, although the tine scale is plausible, these R&D
costs are quite ]ow_ But let's forge ahead : _

: How many will we sel1?” At $10M a piece, the overall market is

' ? - only likely to be a few hundred, and our company won't get the ~

' " whole market, so let's assume we sell 100, for total sales volume
of $1000H, with un1t sales by year as: fo]lows

f . . | 1995 -2 : S |
| : ‘ 1996 - 5 = o “
: | | 1997 - 10
- e 1998 - 10°
| R 1999 - 15
| S~ 2000 - 20 .
| | : 2001 - 15 s
- : | 2002 - 10 o S
2003 - 8
2004 - 5
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The market for such memories will, of course, continue past 2004,
but by then we will need improved versions, requiring more R&D,
<o we must amortize initial development costs over these 100 units.
. ~ ¥e'l) need & production facility. Suppose we provide this in two
“ = -1 - -phases,:one-in-1994,. the other in 1996. Each phase. takes a $404 .
capital investment, depreciated on a straight line over eight years.
Each phase also takes S5 in expensedstartup costs in the first
~_year of production, and another $1H the following year.

T bltting a1l of Thit together, and with a 50% efféctive tax rate,
the earninas impact by year is shown in Table 1. This looks good.
-+ He net $141M, with an economic. ratio of 11.75.. .. -

.7 But it isn't good. - For 6ne’ thing; we've “ignored ‘the time:value: -+
" of money, which is maybe 10% per-annum. For another, we've .7 :7ui: '

ignored the various risks. Then, too, it may not be convenient
to supply $80M of capital when it's needed. And, finally, we've
jgnored the opportunity cost of other things we could have done
instead. No compeny evaluates projects gquite the way I'm about to
do, but it's not too far off, though oversimplified, to lump all
of these additional considerations together in an assumption that
the time value of earnings impact in such a venture is 20% per
annum. This gives us the result shown in Table 2. ke now have a
net loss (discounted) of $0.3774, and an economic ratio of -0.18.

Without going into details,-I'11 just observe that although
changing the assumptions, as for example by doubling sales, will
change the result, even selling 200 units doesn't make the
picture compellingly attractive. This, in a nutshell, is why
© . most companies .don't.do much long-range R&D., The CEO has better
......uses for his money. . .- . - o
S T e T R T T
2. Why Companies Do Research - S

‘The example above makes it seem a 1ittle puzzling that organi-
, zations like IBM, Kodak, DuPont, and Bell System do any long-
: range R&D at all. They do so for a variety of reasons, but my._
' observation leads me to believe that one key train of thought
. dominates, though it is seldom stated explicitly in entirety.
As Peter Drucker has pointed out, a large company is not run to
achieve maximum profits, but rather to assure the long-term
health of the enterprise. Adequate earnings-are an essential .
ingredient of this, but are only part of it. There are several °
other factors. One of the major ones is preservation of markets,’
and in some cases expansion into new markets. But even if no

-y

3
i '
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, new markét is envisioned, the existing market isn't static,

i and its changes are unforeseeable. So preserving the health

i ~of the enterprise requires having a continuous flow of options
| . available to the CEO to introduce new products and services.
} " . . . ot .

Now a companv with a small share (say less than 10%) of the.
total market of interest to it can depend on having new product
e e e - opportunities made for. it, by its competitors or by its suppliers .. °
eyt Cogp cystomers or-bytthe generaﬂfmarketpiace}f~The¢company-withaa:~i~;ﬁ-A
small market share, then, can thrive if it's alert enough to
seize opportunities which are created external to it. But the
‘ company with a large share of its market is vulnerable to having - _
& Bt omajor segmentsnof‘its.marketuredefine-themselves,away,from.the,y.}n¢ﬂ-m
[l o fae s ccompany's Tine of products and services. Recent classic examples. ...
; . of this are the Penn Central and the Cunard Line. It happened ‘
| “to Ford in the late 1920's. The company may recover from such a
! traumatic shift, as Ford did, or it may go down, as the Penn
| _ Central did, but no alert management will risk such an episode
| if it can help it. - o :
, : . : :
|
i
i

So the company with a large market share (and these are often
large companies, but not always) will seek to anticipate market
needs and encourage the overall market by "getting there fastest
with the mostest". Research is an essential component of being
able to do that consisténtly, even though research may be a net
drag on earnings. So far as 1 can see, when you get rid of all
the other, less important factors, this is why companies do
long-range research, : S

3. Relationship to the ARPA Program. "~

| ..+ In view of all this, how can ARPA get the most effective partici- - -

i ' " pation by industry in research on advanced memory systems? Well,
first off, there's not a big multiplier to be gained in having

a company do a research project unless the company perceives the
possible results as potentially applicable to its field of business.
Lots of companies will happily spend government money on R&D just

~ to get the cash flow, and doc an honest job of R&D for a buck, but
- that's an end to it unless the company foresees a possible product:

or service in its own market.

! Second, the closer the time when the company foresees some possible
; _ " sales to recover its cwn R&D costs, the more likely it is to put

; , in #ts own money. Thus, for example, if in pursuit of "molecular

x memories” ARPA wants to encourage research in protein biochemistry,
' a pharmaceutical company is more likely to take off and run than
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o is a computer company, because the phargmaceutical house can
~ envision a market. for tailored proteins per se, which.the
{ ' conputer companv cannot; the computer company hou]d have furtie,
intervening stcps to take before it could bring a computer prec,.
to its market. ior would the computer company normally try 4.
enter the marketplace for pharamacouL1ca]s or chemicals; it I.-,
experience in that market, and can't reasonab]y expect to buﬂxc
S a se]f support1ng product ]1ne .
hext 1et S observe in Tab]e 2 the d1sproport10nate 1mpact of .
~f1r51 few years of R4D expense. The discounted earnings inpcc
of the $3il R&D expense-in 1975-1979 is about enough to offset‘*;‘ :
. " discounted earnings. 1mpact of an added $500i1 in. sales in.1996-¢ ,’.ix‘vu;
oo JUSy 3T ARPA w1shes to: support 1ndustr1a] R?D ~the.maximym mys
" plier is likely to accrue from supporting the ear11est stagec 2
R&D; such support can make a project which otherwise falls ju:-
the bottom of the company's "will do" list seem attractxve enu,:
to undertake

G U O o

4. The Industry/University Balance

When universities are sorely in need of research funding, why o
place all the ARPA money with universities, and none with inguz:-
This may turn out to be the appropriate result, but it would be
unwise to adopt it as an arpriori constraint for three reasons.
First, certain types of research cannot reasonably be conducter -
universities, because of prerequisite concentrations of skills
. physical facilities which exist only in industry. Much process
research falls in this category :

More 1mportant]y, where a project ARPA’ wants done is also inthe L. 0
self-interest of a company to carry out, but just falls off ¢thz - . -~ .. -
"bottom of the company's "will do" list, ARPA funding assistancst
can result in a commitment of company money much larger than B
ARPA grant. This multiplier may be far greater in an indusur:
, setting than is typically the case in a cash-starved universit
N So spending some portion of the ARPA money in industry can bc ¢

way of stretch1ng the limited supply of ARPA dol]ars.

e e it e

F1na]1y, and a]so 1mportant, if 'a company is putting its own
money,.as well as ARPA's, into a research project, corporatr
; management will be asking itself regularly how the research v
| can best be incorporated into saleable products. In this cav
! ‘ ARPA gets, free of charge, a lot of product p]ann1ng effowt\
‘may not get done at all 1f the same research is done in 2
university. : .
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fare e A~ ane

dp]lgrs.,

“i8edond: E-Compan
 pay for research which the company would have done anyway,

'Second, some companies feel that government funding of R&D com-

~problein.

: . . | .. . H i. o .
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Pitfalls for ARPA

- ARPA is.presumab]y well aware of the piffa]ls of dealing with

industry, so 1'11 just mention one which seems to me especially
dangerous. Most industrial R&D orcanizations, like most uni-
versities, are short of money. This being so, it may be
attractive to some companies to try to get a free ride on ARPA
money, in either of two senses. First, the company may see

~an ARPA-funded project as a way of keeping together a research

group which would otherwise have to be disbanded. This is not
of itself a bad motivation, but a project done on this basis is
unlikely to lead to a large corporate commitment of follow-on

PO - .

ay Find T A EEraEEive to iSe ARPA

thereby releasing its own research dollars to be used on other
projects which may be of no interest at all to ARPA. If this
were t6 happen, the ARPA expenditure would have zero impact in
the areas of interest to ARPA.

Pitfalls for Industty

Some industrial R&D labs are very wary of government funding.
There are several reasons.for this, of which four are perhaps
the most siynificant. These may not be so apparent to ARPA as
the other side of the coin, above, so I'11 take a little more
space on this. -

First, many companies feel that governmént funding is unre1iab1e;

on the company's own R&D budget, since most companies strive to
maintain a stable work force and a stable work program in R&D.

-~

plicates the management of work. In most industrial research
efforts the technical management finds it necessary from time to
time to speed up, slow down, change emphasis, detour temporarily,
or even alter direction completely; the one sure thing about
research is that you will be surprised, and not’all of the sur-

.prises are pleasant. Some companies have had bad past experience

in this respect with government-funded work; managers have tales

. of frustration about urgently needing to change course, but being

delayed by the need for agency approval of the change. To be
sure, there ave lots of other projects where this has been no-.

-
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..., it seems to.increase or .decrease for. reasons which may.be apparent: .- ...
" in retrospect, but which are very hard for corporate management - . ...
to foresee and base plans upon. This has.a destabilizing evfect -~
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% Third, reporting reguircments on government contract work often
seem inordinate to industrial contractors, and in some cases
this bjases a company against doing any work at all on contract
for the government.

i Sl e me e

Finally, every company is concerned about the possibility of °
having valuable information created by the company at its own °
expense flow into the public domain, through a government contract
pipeline. Such a loss can be avoided, of course, but it takes
considerable management attention and effort to preclude it.

et

7. Summary

o . - ARPA will, surely u1$h to. deploy ina un1ver51ty settxng much of. e ,;95;,
““"“jts money for advanced memory systems research. Tt should aiso AR
cconsider funding research by industry. For certain types of
research, universities may nct be equipped to do that research
as well as industry (or, indeed, to do it at all).

In addition, ARPA may be able to get a large multiplier effect
for its dollars by using the dollars for industrial R&D. To
“achieve this multiplier effect on any particular project, ARPA

must seek satisfactory answers to the fo]]owing questions:

e iee S Mo LA E kit oA

.'Does this research fit the company S.0wn bus1ness
‘thrust?

- . Will the company commit its own money, as well as
ARPA money, to this line of research7

.=« Hould the .company do.the project’ on. 1ts own money 1f
‘ _ARPA didn't prov1de any he]p’ o : S

. If good research resu]ts are achleved, is the company
- likely to carry the proaect forward through development
of its own? _

- et - e & 2o -,

. Does the proposed arrangement give the contractor enough
assurance of funding, protection of rights and freedonm
of maneuver to make the contractor's management fee]

o comfortab]e w1th the Job? , :
A p»/,“/u | :

j VAV:iclf - _ ' V. A. Vy57 &\:)
Att. ~

 Tables 1and2 - | |

ko Rt A i

Copy (with att.) to ° R
Members of Advanced Memory Concepts Group
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Year R&D Depreciation Startup "~ Sales Margin Total

1975 . -0.3 | - - -0.3

1976 -0.3 - ' 0.3

1977 0.3 . - | - -0.3

1978  -0.3 - | , -0.3

1979 0.3 - ' | -0.3

1930 -0.3 - ' 0.3

1981 -0.3 | S - -03

1982 . -0.3 ' | : -0.3

1983  -0.3 | o - -0.3

§1984 . -0.3 . o | - -~ -0.3

1985 -0.5 o | : I : -0.5

1986 - 0.5 - R | | -0.5

he7 05 - o -0.5

11088 0.5 . o EE 0.5

oss  -0.5 | o -0.5

1990 1.0 . | A o | A0
o1 -1.0° | o SR -1.0

1992 1.0 . . - -1.0

_21993 SN0 e : R SRCAIE R SR e _1 0 e
1994 -1.0 g L : ) -1.0
1995 0.5 25 - 2.5 4.0 . _-15 -12.0
1996  -0.5 25 .- 0.0 6.5

hg97 © -0.5 5.0 -2.5 . 20.0 12.0

1998 0.5  -5.0 -.5 . . 20.0 . 14.0

1999 -0.5 -5.0 | 300 245

2000 © 5.0 . 0.0 - - 350
2001 | 5.0 - 30.0 - 25.0

;zooz : " 5.0 o 20.0 . 15.0

2003 < 2.5 - 16.0 . 13.5

fzoo4 | -2.5 o - 1000 4.5 153.0
E ' | o | Total Net  141.0
! .
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' Discounted

S D1scounted
Impact From Discount Earnings

Table Factor Impact
-0.3 1.0000 -.300
-0.3 - .8333 -.250
-0.3 . .6944 -.208
-0.3 .5787 -.174
-0.3 4823 S -4
0.3 ' 4019 -.121
-0.3 .3349 =100
-0.3 o 2791 -.084
-0.3 .- . - .2326 - -.070
-0.3 a9 -.058
-0.5 | .1615 -.081
~0.5 1346 - . =067
‘ A | - -.056
-0.5 . .0935 . -.047
-0.5 .0779 -.039
1.0 0649 . -.065
-1.0 . .0541° - -.054
1.0 - .0451 -.045
=10 - .0376 -.038
-1.0 0313 - -.031
1.5 .0261 - _ -.039
6.5 . .0217 - RYY
12.0 | .0181 - - .217
14.0 L0151 . 211
24.5 .0126 .309
35.0 | - .0105 "~ .368
. 25.0 - .0087 - .218
15.0 .0073 .0
13.5 : .0061 .082
7.5 . .0051 .038

Net Discounted Impact
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